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Re-evaluation of foot process effacement in acute puromycin
aminonucleoside nephrosis
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Re-evaluation of foot process effacement in acute puromycin amino-
nucleoside nephrosis. The sequence of morphological changes during foot
process effacement in acute puromycin aminonucleoside (PAN) nephrosis
was examined by means of NaOH maceration and freeze cracking for
scanning electron microscopy (SEM). The niicrographs of SEM and those
of transmission electron microscopy (TEM) were quantitatively analyzed
by computerized morphometry, and were correlated with renal function.
On day 2 after PAN injection, the slit length was moderately decreased by
both shortening and degradation of the foot processes. On day 4,
membrane-hounded vesicles were scattered in the lamina rara externa.
During foot process effacement, the basal surface of podocytes developed
palm-like domains that represented the cytoplasmic areas between inter-
digitation. The decrease in the length of podocyte cell borders paralleled
the decrease of 24-hour creatinine clearance. The developement of the
palm-like domains on the basal aspects of podocytes estimated by distance
class analysis was closely correlated with the sudden onset of proteinuria.
We conclude that foot process effacement in PAN nephrosis caused by the
retraction and degradation of foot processes leads to the development of
palm-like domains, which is correlated with podocyte detachment as well
as massive proteinuria.
Puromycin aminonucleoside (PAN) nephrosis is an experimen-
tal model characterized by massive proteinuria and by marked
morphological changes in podocytes including effacement of foot
processes and their focal detachment from GBM [1—6]. Massive
proteinuria and foot process effacement are also characteristics of
various types of human nephrotic syndrome, regardless of its
etiology. Thus, PAN nephrosis is regarded as an experimental
model of some kinds of human nephropathy such as the minimal
change nephrotic syndrome.
Clinical studies on the minimal change nephrotic syndrome and
membranous nephropathy suggested a correlation between foot
process effacement and reduction of the glomerular ultrafiltration
coefficient (K) [7—10]. The massive proteinuria in the human
nephropathies is frequently associated with foot process efface-
ment, but is thought to be mainly caused by changes in charge and
size selectivity of GBM [11—14] and in some cases by detachment
of podocytes from GBM [15, 16].
In PAN nephrosis, foot process effacement has been suggested
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to be correlated with a reduction of K- [17]. Furthermore, electron
microscopic studies on PAN nephrosis [5, 6, 181 have shown that
detachment of podocytes from GBM always accompanies foot
process effacement. Foot process effacement is generally sup-
posed to be brought about by the retraction of individual foot
processes. TEM of ultrathin sections revealed a reduction of slit
frequency, and SEM surface views of the glomerulus have con-
firmed the shortening of individual foot processes in PAN nephro-
sis [19, 20]. However, the exact number and shape of foot
processes can be observed only from basal views of podocytes, as
was visualized for the first time in the present study.
Recently, Takahashi-Iwanaga improved the NaOH maceration
method which is used to remove the extracellular matrix for
three-dimensional visualization of interstitial tissue in the rat
kidney [21]. In our laboratory, the ultrastructure of the glomerulus
has been studied with high resolution SEM [18, 221, which can
provide sufficient resolution power to visualize the ultrastructure
of GBM and filtration slits. In the present study, we visualized the
basal configuration of podocytes in acute PAN nephrosis using the
NaOH maceration method and high resolution SEM. We exam-
ined the sequence of structural changes during foot process
effacement, and correlated it with changes of the glomerular
filtration rate and urinary protein in acute PAN nephrosis.
Methods
Fourteen male Sprague-Dawley rats with initial weights of
about 200 g (Charles River Japan, Kanagawa, Japan) were used.
Twelve rats were made nephrotic by a single intraperitoneal
injection (15 mgIlOO g body wt) of PAN (Sigma, St. Louis, MO,
USA). The remaining two rats were given saline as a control. The
previous study in our laboratory [18] established that, in this
model, proteinuria reached the maximum on day 8 and declined
gradually thereafter. The temporal correlation among develop-
ment of proteinuria, renal function and changes in the basal
configuration of podocytes was analyzed before and during the
development of proteinuria.
Twenty-four-hour urinary protein excretion and 24-hour endog-
enous crcatinine clearance (24 hr-Cc.r) were measured at baseline
and two, four, and eight days after PAN injection in eight rats.
Blood samples were taken from the tails of the rats on completion
of 24-hour urine collection throughout the study. Urinary protein
excretion was measured by determination of the protein concen-
tration with Coomassie brilliant blue G 250 (Tonein TP kit,
Otsuka Pharmaceutical, Tokyo, Japan). Creatinine in plasma and
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Fig. 1. Schema showing the method of
measurement in the basal surface area of
podocytes. The basal surface area of podocytes
is measured at each 52 nm distance from the
cell border. A. Basal surface of podocyte in a
control rat. B. Basal surface of podocyte in a
PAN-treated rat.
urine was quantified by the method of Fabiny and Ertingshausen
[231.
The control and PAN-treated rats were anesthetized with
sodium pentobarbital on days 2, 4 and 8. The kidneys were
perfused with 1% glutaraldehyde in 0.1 M phosphate buffer (pH
7.3) for five minutes through a retrograde cannula inserted into
the abdominal aorta. Cortical tissue of the kidneys was excised
with razor blades as 2 x 2 x 3 mm pieces and immersed in the
same fixative at 4°C for two hours. After washing with 0.1 M
phosphate buffer (pH 7.3), the tissue was processed for SEM and
TEM.
SEM observations
The tissue pieces were processed by NaOH maceration accord-
ing to the method of Takahashi-Iwanaga et al [21, 24] with
modifications. The specimens were placed in 6 N NaOH for five
minutes at 60°C, and then for 10 minutes at 45°C. After NaOH
maceration, the tissues were rinsed in 0.01 M phosphate buffer
(pH 7.3) containing 0.05% Tween 20 overnight. The maccrated
tissues were transferred through a 25% aqueous solution of
dimethyl sulfoxide (DMSO) into 50% DMSO, and then freeze-
cracked in liquid N2. The cracked specimens were rinsed in 0.1 M
phosphate buffer and underwent conductive staining by immer-
sion three times in 1% osmium tetroxide for one hour interposed
by 1% tannic acid for one hour. The specimens were dehydrated
in a graded series of ethanols, substituted with t-butyl alcohol,
dried at —20°C in a vacuum, and then examined in a Hitachi S-900
scanning electron microscope (Hitachi, Tokyo, Japan) at an
accelerating voltage of 5 Ky.
TEM observations
After perfusion fixation, the tissue pieces were processed by the
cold-dehydration technique [25]. After brief treatment with 0.1%
osmium tetroxide, the blocks were stained en bloc with 1% tannic
acid and 1% uranyl acetate, successively. The blocks were then
dehydrated in a graded series of acetone at gradually decreasing
temperatures down to —30°C and embedded in Epon 812. Ultra-
thin sections were cut with diamond knives, stained with uranyl
acetate and lead citrate, and then examined in a JEM-1200EX
electron microscope (JEOL, Tokyo, Japan).
Morphometiy
Following preparation for SEM, six cortical glomeruli with a
disclosed basal surface of podocytes were chosen from the kidney
of each rat. From each glomerulus, the segments with the
disclosed basal surface of podocytes were photographed at X
15,000 and enlarged to a final magnification of x 27,000. The
length of the individual foot process, the numerical density of foot
processes, length density of the podocyte cell border and the
numerical density of pits on the basal surface of podocytes were
measured on the en face view of scanning electron micrographs
using a digitizer and an image analyzer. The length of individual
foot processes was determined by the distance from the branching
point of the foot process to its tip along its longitudinal axis, and
the mean width of individual foot processes was calculated as the
area of the foot process divided by the length of the foot process.
The grade of foot process effacement was quantified by another
approach, namely by measuring the area of palm-like cytoplasmic
domain between interdigitation (Fig. 1). To measure the area of
the palm-like domain, we classified the basal surface of podocytes
by distance from the cell borders, and regarded areas that were
separated from the cell border more than by 260 nm as the
palm-like domain. The measurement was perfomed using the
public domain "NIH Image" program for the Apple Macintosh
computer. Digital images of the cell border between podocytes
were manually traced on the micrographs and input using an
image scanner. The lines of the cell borders between podocytes
were enlarged 52 nm each time on both sides and this was
repeated on the digitized image. The enlarged area per step was
measured by subtracting the residual area after extending the line
from the previous area. This area was identified as the area within
some distance class from the cell borders between the podocytes.
Morphometric and renal function data were analyzed by Stat-
View II (Abacus Concepts Inc., Berkeley, CA, USA), a program
for statistical analysis. Values are presented as mean standard
deviation. One way analysis of variance (ANOVA) was performed
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Fig. 2. Scanning electron micrographs of glomeruli in a normal rat, a. On the urinary surface of a glomerulus, podocytes which consist of cell bodies,
primary processes and interdigitating foot processes cover the capillary walls. b. On an NaOH-treated, freeze fractured glomerular tuft, extracellular
matrix is completely removed, including the glomerular basement membrane. The glomerular tuft in the middle of the Figure discloses the basal surface
of podocytes because the endothelial cells are peeled away (each, ><3,500).
N 24 hr-Ccr mi/mm Urinary protein mg/day
Baseline 8 1.046 0.446 6.138 3.919
Day 2 8 0.781 0.237 10.349 6.133
Day 4 8 0.613 0.23k' 46.533 13.748k'
Day 8 8 0.349 0.13 228.257 66.328a
among four groups. When the difference was significant (P <
0.05), Sheffe's multiple comparison test was performed to identify
which groups were statistically different.
A single intraperitoneal injection of PAN produced overt
proteinuria on days 4 and 8 (Table 1). During the development of
proteinuria, 24 hour Cr was gradually reduced, significantly on
days 4 and 8 (Table 1).
The glomerular surface view of normal glomeruli exhibited
podocytes with several primary processes and numerous foot
processes by scanning electron microscopy (SEM) of the glomer-
ular surface (Fig. 2a), However, the proportion of the area of
interdigitation, as well as the total length of the filtration slits
between neighboring foot processes, were difficult to estimate in
these surface views in both control and PAN-treated rats.
To visualize and quantify interdigitation of the foot processes,
Fig. 3. SEM of Na 01! treated, freeze-fractured giomerulu4 showing the basal surface of podocytes. a. In a normal rat, foot processes are regularly
interdigitated with each other. Foot processes are almost uniform in width. Some pits are scattered on the longitudinal midline of the foot processes.
b. In a PA.N-treated rat on day 2, the length of foot processes is shortened as compared with that in a normal rat. Pits are increased in number. Three
rudimental foot processes are shown accompanied with retracted processes. c. In a PAN-treated rat on day 4, foot processes are progressively decreased
in number. The individual podocytes are surrounded by an irregularly meandering cell border, and the length of the podocyte cell border on the basal
surface is decreased. d. In a PAN treated rat on day 8, foot processes arc almost effaced and the cell border of a podocyte (arrowheads) is simplified.
Some coated pits are ineresed in diameter (each, x24,000).
Table 1. Renal function Results
P < 0.05 versus baseline, significant differences between groups,
calculated by one-way ANOVA
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Fig. 4. SEM of the basal surface of podocytes in a PAN-treated rat on day 2. A foot process is tapering (a) (arrow) and a rudimental foot process like
villus (arrows) is shown (b). Transmissi on electron micrograph (TEM) of a cross section of the glomerular capillary wall in PAN-treated rats on days
2 (c) and 4 (d). c. A rudimental foot process (arrow) which becomes dense, is inflated on the top and does not have slit membranes. It is longitudinally
sectioned in the lamina rara externa. d. Two round structures with the membrane bound (arrowheads) are in the lamina rara externa right under the
widespread podocyte cytoplasm. The podocyte cell membrane along with the round structures is coated inside (each, X30,000).
the basal surface of podocytes was visualized in both normal and
PAN-treated rats by SEM after removal of the extracellular
matrix by NaOH and freeze-cracking (Figs. 2b and 3). Treatment
with NaOH completely removed the extracellular matrix including
the glomerular mesangial matrix and basement membrane
(GBM), and the subsequent freeze-cracking revealed the basal
surface of podocytes in addition to the inner face of the glomer-
ular capillary wall.
Changes of interdigitating pattern
Changes of the interdigitating pattern of podocytes in normal
and PAN-treated rats were analyzed by observing the basal
aspects of podocytes with SEM.
In normal glomeruli, the interdigitating foot processes almost
totally covered the capillary wall, whereas the cell bodies and
primary processes were not clearly identified in the basal view of
podocytes. The foot processes were almost constant in width,
except for their tips which were slightly swollen (Fig. 3a).
On day 2, the degree of interdigitation was decreased by
shortening of the foot processes as well as degradation of some
foot processes. The individual foot processes were partly widened
so that their widths were highly variable among the foot processes
as well as within individual foot processes. The primary processes
were identified as a broad stem bearing irregularly shaped foot
processes (Fig. 3b).
On days 4 and 8, interdigitating foot processes were only
occasionally observed. The individual podocytes were surrounded
by an irregularly meandering cell border (Fig. 3 c, d).
Specializations of basal aspects of podocytes
The basal aspects of podocytes in PAN-treated rats by SEM
exhibited two types of structural specializations: rudimental foot
processes and small pits on the basal surface of podocytes. In
addition to these two specializations, vesicles of various sizes were
found in the lamina rara externa by TEM.
On day 2, the basal view of podocytes occasionally exhibited
rudimental foot processes that were very narrow and low (Fig. 4 a,
b, c). The rudimental foot processes were covered by the cyto-
plasm of neighboring podocytes, were situated in the lamina rara
externa, and had no filtration slits along their border (Fig. 4c).
The number of rudimental foot processes was decreased on day 4
as seen on SEM and TEM. The density of rudimental foot
processes was 6.8 per 100 ,2 on day 2 and 1.7 on day 4 by SEM.
On days 2 and 4, vesicular profiles of round or elliptical shape
were occasionally observed in the lamina rara extcrna by TEM
(Fig. 4d). They were on average 69 nm in height and 139 nm in
width on day 2, and 67 nm in height and 91 nm in width on day 4.
On day 8, vesicles were barely observed. These vesicular profiles
in the lamina rara externa were bounded by unit membranes and
contained electron dense amorphous materials. The vesicular
profiles represented either sections of rudimental foot processes
or those of membrane-bound vesicles. To distinguish these two
possibilities, the profiles were divided into two classes by their
relative width compared with the height, since random sectioning
of a cylindrical structure should provide an abundance of wide
vesicular profiles compared with that of a spherical structure. On
day 2, 87.5% of the vesicular profiles had a relative width of more
than 1.2, indicating that most of them were sections of cylindrical
structures rather than vesicles. On day 4, only 58.9% of the
vesicular profiles had a relative width of more than 1.2, indicating
that spherical structures, namely membrane-bound vesicles, were
relatively increased in number.
The basal aspects of foot processes bore variable numbers of
pits. In normal glomeruli, pits were occasionally observed on the
midline of foot processes (Fig. 3a). On day 2, the relatively thicker
foot processes as well as the primary processes possessed small
pits on their basal aspects, whereas relatively thin foot processes
bore small pits only occasionally on their midline (Figs. 3b and 5 a,
c). On days 4 and 8, the small pits were considerably increased in
number, and irregularly distributed except for cell margins of
constant width on the basal aspects of podocytes (Figs. 3 c, d, 5 b,
d).
Morphometiy of basal aspects of podocytes
Compared with the control, the foot processes on day 2 after
the PAN treatment were significantly decreased to roughly 70% in
length and to roughly 60% in numerical density, and increased by
roughly 60% in width (Table 2). On days 4 and 8 in the
PAN-treated rats, it was impossible to measure the length and
width of the foot processes because of the difficulty in identifying
individual foot processes (Fig. 3 c, d).
The length density of the cell border between podocytes was
gradually decreased in the PAN-treated rats to 60% on day 2 and
to 17% on day 4 compared with the control (Table 2). There was
no significant difference in the length density of the cell border
between day 4 and day 8 (Table 2). It is noteworthy that the
decrease in the length density of cell border paralleled that in 24
hour-Ccr (Tables I and 2).
The numerical density of the pits in the PAN-treated rats was
significantly increased on day 2 after the PAN treatment com-
pared with the control rats (Table 2).
The distribution of the relative surface density of basal surface
area of podocytes in the distance class of 52 nm in width from the
cell border was examined in the normal and PAN-treated rats
(Fig. 6). The patterns of distribution of basal surface area in each
distance class on days 4 and 8 were very different from those in the
control and on day 2 (Fig. 6). In control rats, more than 60% of
the basal surface area was observed in the first distance zone and
not at all in the sixth and further distance zones, namely more
than 260 nm away from the cell border. In the PAN-treated rats,
the proportion of basal surface area in the first distance class
decreased gradually (42% on day 2, 10% on day 4 and 5% on day
8), and that in the sixth and further distance classes increased (4%
on day 2, 57% on day 4, and 82% on day 8).
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Fig. 5. SEM of a high power view of the basal suiface of a podocyte in PAN-treated rats on days 2 (a) and 4 (b). a. Pits of about 40 nm in diameter lie
apart from the podocyte cell border to some degree. h. Pits are 60 to 80 nm in diameter and are larger than those on day 2. TEM of a cross-section
of the glomerular capillary wall in PAN-treated rats on days 2 (c) and 4 (d). c. Coated pits are on the podocyte cell membrane on the basal surface of
a podocyte. The lamina rara externa which faces coated pits is slightly thicker and brighter than other areas of the lamina rara externa. d. Foot processes
are lost and broad cytoplasm of podocyte covers the glomerular basement membrane. Some coated pits are slightly increased in diameter (each,
x50,000).
Discussion were conducted to observe the degree of interdigitation of the
foot processes, hut it was difficult to estimate it from a surface
Technical advantages of the present study view of the podocytes. In the present study, the basal surface of
In the present study, we visualized the basal surface of podo- podocytes was visualized and changes in their interdigitation were
cytes in normal and PAN-teated rats using SEM after removal of demonstrated topographically for the first time, taking advantage
the extracellular matrix by NaOH maceration and freeze-crack- of technical improvements in the NaOH-maccration method
ing. Many investigators have shown morphological alterations of combined with freeze cracking 21j. We performed NaOH mac-
podocytes in PAN-treated rats by SEM [5, 18—20]. These studies eration before freeze-cracking, and adjusted the temperature of
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Table 2. Morphometry in the basal surface of podocytes
Length of Mean width
Days after
PAN
individual
foot process
of individual
foot process Numerical density
of foot process
/fl2
Length density of
cell border
m/fl2
Numerical density
of pits/2injection
Control 1.50 0.67
(N = 151)
0.23 0.01
(N = 151)
2.41 0.35 4.36 0.37 1.49 0.49
Day 2 1.03 0.49'
(N = 141)
0.34 0.10
(N = 141)
1.44 0.29" 2.61 0.41" 3.61 0.71
Day 4 — — — 0.74 035b 4.43 0.67"
Day 8 — — — 0.71 0.26" 5.50 0.51"
"P < 0.05 versus control
"P < 0.05 versus Day 2, significant differences between groups, calculated by one-way ANOVA
incubation to remove GBM without significant destruction of the
podoeyte membranes.
Mechanism of foot process effacement
The foot process effacement can be caused by either of two
possibilities, namely retraction of individual foot processes, or
degradation of some foot processes. In the present study, we
demonstrated morphological evidence of foot process retraction
and degradation. The occurrence of foot process retraction was
substantiated by morphological data of foot process length (Table
2). Evidence for foot process degradation is represented by
rudimental foot processes mainly found on day 2, and by vesicles
in lamina rara externa found on days 2, 4 and 8 after PAN
treatment.
We have several reasons to think that rudimental foot processes
are degenerating foot processes and not developing ones. First,
they were observed only when the number of foot processes was
decreasing, and not when the foot processes were completely lost.
Second, the rudimental foot processes were quite different from
the newly formed foot processes found in the course of recovery
from PAN nephrosis. The newly formed ones were thick and solid
[18]. Third, the structure of the rudimental foot processes appears
similar to that of vesicles in lamina rara externa with transmission
electron microscopy. Furthermore, from measurement of vesicu-
lar profiles in the lamina rara externa, the most vesiclar profiles on
day 2 represent rudimental foot processes and those on day 4
mainly represent membrane-bounded vesicles. These findings
suggest that vesicles in the lamina rara externa are derived from
the rudimental foot processes of the podocytes.
Coated pits
Coated pits have been reported to be increased in number in
acute PAN nephrosis [4, 261. Schwarts et a! [26] suggested that
glomerular epithelial cell (GEC) endocytosis is active during the
preproteinuric phase of PAN nephrosis and is reduced only
during the proteinuric phase, which may account for the absence
of protein in the urine despite abnormal GBM permeability, and
that decreased GEC endocytosis during PAN nephrosis reflects
abnormal cell metabolism due to PAN. However, we observed
that coated pits were increased in number not only in the
preproteinuric state on day 2, but also in the proteinuric state on
days 4 and 8. It seems that endocytosis in podocytes is active
during acute PAN nephrosis.
Fig. 6. In the control and each PAN-treated rat, the proportion of the area
within each 52 nm from the podocyte cell border to total area of the basal
surface of the podocyte is shown in each distance class. In the control (A)
and on day 2 (B) after the PAN treatment, the basal surface area is almost
contained within the first distance and second class. On days 4 (C) and 8
(D), the basal surface area in the sixth and further distance classes is
increased.
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Foot process effacement and glomerular filtration coefficient
A decrease of GFR has been frequently observed in minimal
change nephrotic syndrome [7, 27—301. Recent studies on human
minimal change nephrotic syndrome [9, 10] and its experimental
model, PAN nephrosis [171, indicate that the decreased GFR is
mainly caused by reduction of Kf, and that the K5 is mainly
determined by slit length which is decreased considerably by foot
process effacement. Drumond et al [10] have shown that a
decrease in filtration slit frequency due to foot process effacement
can explain the decreased hydraulic permeability of the filtration
barrier as well as decreased GFR in the human minimal change
nephrotic syndrome. However, in experimental glomerulopathy
including PAN nephrosis, the relation between reduction of the
slit length and the decreased GFR has been poorly analyzed.
In the present study, the slit length was quantitatively analyzed
in experimental glomerulopathy. In experimental glomerulopathy
such as PAN nephrosis, extensive foot process effacement makes
it difficult to estimate the slit length from the slit frequency with
TEM. According to our observations of PAN nephrosis, the
degree of interdigitation of podocytes varies considerably from
place to place, and the length of cell borders between podocytes
is extremely reduced. Thus, estimation of filtration slit length from
filtration slit frequency will require a large number of measure-
ments to provide reliability. Direct measurement of filtration slit
length with SEM, as in the present study, is preferable.
Foot process effacement and proteinuria
PAN nephrosis is one of the most common models producing
proteinuria. Many investigators reported that the sudden onset of
massive proteinuria in PAN nephrosis is correlated with the
detachment of podocytes from the GBM [3, 5, 6]. Previous
electron micrographs in the literature as well as in our preveous
study on PAN nephrosis indicate that detachment of podocytes
from the GBM always occurs in those cytoplasmic areas that have
no interdigitating foot processes. The present observations dem-
onstrated that the palm-like domains on the basal aspects of
podocytes represent the cytoplasmic areas without interdigitation.
Therefore, it may be argued that the development of palm-like
domains due to foot process effacement is correlated with podo-
cyte detachment, which leads to massive proteinuria in PAN
nephrosis.
To quantify the degree of development of palm-like domains in
PAN nephrosis, we measured the basal surface areas of podocytes
by distance from the cell borders between podocytes. We found
that the basal surface areas far from the cell borders increased
suddenly when massive proteinuria began. On the other hand, the
decrease in filtration slit length was gradual and not in parallel
with sudden increase of proteinuria. These results indicate that
distance class analysis from cell borders between podocytes in the
basal surface of podocytes show better morphometric correlation
with foot process effacement and with massive proteinuria than
the filtration slit length.
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